ABSTRACT This paper focuses on the driving steering load cycle stress-strain, shake, and transient temperature profiles in relation to failure in an automotive electric power steering (EPS) system. A compact EPS control system model was applied to construct a lookup table for the device power loss calculations. The lookup table was used to obtain the full electrothermal profile of a vehicle EPS system converter. An accurate thermal model was introduced using FLOTHERM software and compared with the results from EPS device temperature testing. The transient junction temperature profiles of the device were studied based on the operational cycles of the vehicle EPS system. Finally, an efficient rainflow cycle counting method was introduced to obtain the statistic random transient thermal stress cycles. Miner's rule was also explored, and the relationship between the accumulated thermal stress damage and material fatigue was used to predict the converter's reliability.
I. INTRODUCTION
The reliability of an electronic power steering (EPS) system converter is critical for vehicle driving safety. The temperature cycles of the power devices are critical in achieving a reliable EPS system. When designing an EPS converter, a balance must be made between the converter reliability, capability, cost, and heat sink size. Experience has shown that thermomechanical processes induce most power device failures [1] - [3] . Reliability testing under the high temperature condition is necessary consider thermomechanical properties for designing and evaluating converters, especially for the automotive industry [4] . To ensure safety, EPS converter reliability should be analysed and optimised using a quantitative evaluation during converter design [5] - [7] .
EPS converter failure is closely related to instantaneous thermal cycling, and the load profile should be considered in simulation. Accurate device models for power losses are necessary to calculate the converter thermal cycle. A compact model is typically used to simulate energy dissipation, as a practical load cycle simulation can be time consuming [8] - [10] . The model parameters depend on whether the manufacture's datasheets parameters and experimental measurements are sufficient. However, predictions of the values of circuit components can vary. Thus, the parameters for the device structure cannot be used to assess the device temperature. However, the function of device loss lookup tables for the device temperature and load current can be used. Similar methods are reported in [11] - [13] that allow the computational time to be reduced. For simple models of EPS converters, the power dissipation of the load cycle can be easily simulated to provide accurate results.
Many studies have indicated that due to the effects of thermal cycling on device packages and solder connections, a functional relationship exists between the cycle index to failure and the temperature of junction cycling [14] - [19] . These results indicate that both the range and mean temperature of the junction are critical in determining the cycle index to failure during cycling tests. The insulated gate bipolar transistor (IGBT) junction temperature can be assessed using an IR camera or temperature sensor. The manufacturer's datasheet can be used to estimate the junction's thermal profile when establishing a thermal model [20] - [22] . Consider thermal model cannot follow the device's ongoing degradation, by updated electrothermal models to estimate metal oxide semiconductor field effect transistor (MOSFET) junction temperature [23] , [24] . However, the temperature is relatively difficult to measure in a MOSFET junction, despite the fact that the thermal model depends on this value; thus, an accurate thermal model is essential in junction simulation. An accurate thermal model can be used to estimate the reliability as a function of thermomechanical stress cycling and the resulting accumulated damage.
In this paper, the simulation of the EPS device transient junction temperature and the accumulated damage estimation value owing to instantaneous thermal mechanical stress cycling are investigated to estimate EPS converter reliability. The compact model and lookup table for the device are used to calculate power losses and simulate temperature cycles. In the second part of this paper, an electrothermal model is developed. The results are compared with those from EPS device temperature testing, and steering cycles are simulated to assess the junction temperature. Finally, the rainflow counting method is introduced to process the random transient profile and obtain statistics for transient junction temperature cycles. Miner's rule is employed to estimate reliability, as influenced by thermomechanical cycling.
II. STEERING LOAD CYCLE ANALYSIS
The automobile steering cycle includes several stages. To study steering cycle power losses, it is necessary to characterise the cycle according to steering time, steering angle, single steering cycle, single impact, and continuous impact.
A. AUTOMOBILE STEERING CYCLE TESTING
An EPS electronic element power loss look up table is established using a compact model of the physical elements. The table is used to output steering cycle and steering impact power losses according to voltage, current, resistance and other parameters. In this paper, a MOSFET look up table is created using compact device models that can be used to simulate power losses in an electrothermal system. The ambient temperature should be considered when the compact model is developed using PSPICE [25] . To obtain the driver steering cycle for analysis, an automobile was used. Fig. 1 .a shows the automobile steering cycle experimental configuration used to test an EPS controller with a Tektronix digital oscilloscope. Fig. 1 .b shows the steering cycle detected by the oscilloscope; the signal represents the DC motor current passing through the EPS system current conversion chip. From the current signal, one can obtain the information about the steering load to calculate the power loss.
The look-up tables include several conditions: 1) The MOSFET conduction power losses, which depend on resistance, current and temperature;
2) Diode and triode conduction power losses, which depend on resistance, current and temperature;
3) MOSFET switch power losses, which depend on the load current and junction temperature; 4) Diode and triode switch power losses, which depend on current and junction temperature. The devices models incorporate various ambient temperatures depending on the weather, which is a long-term temperature cycles and includes yearly and daily information; the ambient temperature of the engine block can be used in the thermal model of the device. The steering cycle temperature depends on the switching of the power elements and varies as a short-term temperature cycle.
B. IMPLEMENTATION OF THE CONVERTER DEVICE COMPACT MODEL
An EPS controller power inverter includes transistors, diodes, MOSFETs and other elements, in the H-bridge pre-circuit. Controller circuits can vary depending on the compact model. The H-bridge with MOSFETs are a critical component of the EPS converter are responsible for the main power losses; a model has previously been constructed in both PSPICE and MATLAB/Simulink [26] , [27] . A H-bridge model was developed that can be easily combined with the converter simulation in MATLAB/Simulink. Fig. 2 .a shows an EPS converter H-bridge circuit PCB, and Fig. 2 .b presents the MOSFET equivalent circuit used in simulation, which includes the 
C. EXPLORATION OF THE EPS CONVERTER POWER LOSSES
During the automotive steering operation, the device temperature of the power converter varies with load fluctuations and external conditions. A compact or behavioural device model and a heat sink model are typically used for the electrothermal simulation of an electronic system temperature [28] - [30] . However, these methods are unsuitable for simulating the entire load profile, which has a longer duration, because the millions of switching cycles cannot be ignored. The lookup tables were developed for the entire load profile simulation, which uses a simple model to obtain the essential power losses of switching. The conduction and switching power losses of an EPS converter are related to the devices parameters, junction temperature, DC motor current and control duty ratio. The voltage, or product of current and resistance, varies when the resistance is affected by the junction temperature. The relationship between V ds and i d for the voltage on link d c is given in Equation (1), where T j is the junction temperature.
The power loss of MOSFET devices include conduction losses and switching losses (turn-on and turn-off losses), and it can be calculated by Equation (2) . In this equation, i c represents the EPS converter losses, and T j is the junction temperature, that controls the thermal resistance. The lookup tables represent the device power losses, as explained in the detailed discussion. Two 2-D lookup tables corresponding to Equations (1) and (2), respectively, are pre-established according to the operation currents and temperatures using software simulations. The inputs and outputs, which depend on the lookup table, are shown in Fig. 3 .a and Fig. 3 .b The necessary parameters for the transient switching device losses in the lookup table are the controller voltage duty cycle (from 0 to 100%); I c are the over-load current from 0 to 30 A; and the device junction temperature T j . The effective supply voltage of the commutation cell V dc is 12 V with a 5% duty cycle; the fixed switching frequency f s is 20 kHz.
The lookup table calculates the device power dissipation and simulates the instantaneous thermal variation. 4 shows that the calculation power losses in the converter depend on the look-up table. In an EPS system, the lookup table depends on the specific device model; however, these models cannot fully describe comprehensive device behavior [31] , [32] . 
III. TEMPERATURE CYCLE AND THERMAL RESISTANCE NETWORK
The load cycle of the EPS converter is described by the steering profile, which is used to input the electronic parameter for the converter model. The electrical calculation parameters of the motor consist of the voltage, current, power factor, and output pulse width modulation (PWM) modulation frequency, which can be obtained from the actual vehicle measurement. A lookup table for the device power losses is constructed using an ideal converter model. The heat sink model can be used to calculate the instantaneous temperature of the device, considering that the switching and conduction losses of the device vary with temperature. Fig. 5 presents the simulation logic diagram for an EPS converter network.
The junction temperature of the EPS module is one of the most critical factors in lifetime estimation. Thus, an accurate thermal model will be beneficial in junction temperature estimation and helpful in lifetime prediction based on mission profiles. However, the EPS controller junction is difficult to measure. The MOSFETs IRF1407 are the key elements in the EPS converter, and the associated parameters are drawn from the manufacturer's datasheets. This paper provides a method for estimating the junction temperature via measurements and simulations. PT100 resistive temperature sensors were used to measure the case temperature cycle, FLOTHERM was used to simulate the temperatures of the electric elements, and the element model can be corrected through comparison with the measured temperatures. The simulation method depends on an accurate thermal resistance model to simulate the junction temperature. The EPS converter heat conduction equivalent model is shown in Fig. 6.a. Fig. 6 .b shows a resistor-capacitor (RC) network with the same impedance as the heat sink, which is the thermal conduction for the steady and transient temperature. The module and heat sink model are established to simulate the instantaneous temperature, and the network is calculated according to the random steering profile.
A. STEERING CYCLE TEMPERATURE MEASUREMENT Fig.7 shows the bench system used to measure the EPS converter temperature variation. The EPS system was developed in-house, the temperature sensor PT100 was used to detect EPS H-bridge case temperature variation; and a Tektronix digital oscilloscope was used to measure the electric parameters, including voltage, current and switching frequency. The testing bench provides a steering load and automobile speed and engine signals to simulate a driving automobile. The average current method was used to measure the steering temperature cycle at an ambient temperature of 25 • C. When driving a steering wheel cycle at approximately 10 s, the DC current variation value is equal to the average value VOLUME 4, 2016 by calculated. Fig. 8 shows the steering cycle current and average current equivalent value fitting. This method can be used to measure various steering load cycles and impact cycle temperatures.
In order to illustrate the average current method use the experimental results verify the steering cycle current temperature profile equal to the average current according to temperature profile trajectory. In Fig. 9(a), Fig. 9(b) , and Fig. 9(c) , the ambient temperature is 25 • C, with three current sections of 0-5 A, 5-10 A, and 10-15 A respectively. For each steering a cycle, the variation in EPS converter temperature lags the variation in current. The temperature variation speed is more slowly than current and the peak temperature lies at different positions affected by environment temperature dissipate factor. In Fig. 9 the dashed line represents the steering cycle temperature profile, and the black solid line represents the average current temperature trajectory. An error of approximately 1 • C is observed due to ambient temperature fluctuations. The experimental results indicate that the average current area temperature profile agrees well with the steering cycle current temperature profile. 
B. SIMULATION AND TESTING TEMPERATURE COMPARISONS
The simulation model can be obtained after testing. The model is approximate for simulating base plate temperature and measure base plate temperature. Use this method and model junction temperature can be simulated. The automobile typical steering cycle depends on the road is shown in Fig.10 . The blue curve is measured baseplate temperature, and red curve is simulation baseplate temperature. Their error is low 5%. The black curve is simulation junction temperature can be estimated using this method model. The simulation model is thus validated and can be used to simulate junction temperature cycles.
Single impact and constant impact are common typical items in automobile steering systems. EPS controller steering urgency and transient power losses rapidly increase the EPS controller junction temperature. The transient model can be used to simulate the EPS device junction temperature profile (Fig. 11.a and Fig. 11.b) .
IV. EPS CONVERTER DEVICE RELIABILITY
The reliability of a powered device depends on many factors, including lift-off, bond wire, delamination, gate oxide failure, and solder cracking. The thermal effect is one of the most critical factors leading to failure. Thermomechanical failure is a failure mechanism induced by a thermal cycle, whereas the stress-strain of the thermal cycles occurs during each converter steering load cycle. A random transient thermal cycle is another factor should be considered when modelling device reliability.
A typical high-frequency cycling operation period is tens of microseconds or milliseconds and in an EPS converter modulation cycle, the device temperature varies according to the load current. The steering motor identity affects the modulation frequency. The majority of the EPS steering operation, which has a high frequency compared to the heat sink temperature variation time, it is constant for low-amplitude cycling. Previous research [33] considered the low amplitudes to be negligible. However, those amplitudes are several times greater at low frequencies than at high frequencies. The load cycling period time is several seconds at low frequencies. Therefore, the average load current can varies throughout the load cycle, and resulting in a junction temperature can exceed 50 • C. A method to evaluate the power device's reliability via an accelerated thermal cycling test in manufacturing typically either measures device heat by itself or uses an external thermal load. Failure-inducing cycles during the test can be specified by the temperature range and the mean temperature. This method can be used to estimate the device reliability. Many studies have investigated the relationship between the power device reliability and temperature variations. Based on the degradation model, the temperature variation of the packaging materials in each cycle is simulated to forecast the crack growth and a number of failure cycles. The stress-strain cycle was previously computed [34] the transient temperature profile of the device; the linear accumulation of damage was used with a stress and strain variation fatigue model to predict reliability.
All of these methods share a common limitation; the variation of failure mechanisms with different cycling temperatures is unknown. In one study, the different mechanisms accumulated damage in a nonlinear fashion when the temperature of the thermal cycling ranged from 80 K to 110 K [35] . Solder cracking is the dominant mechanism when the temperature is above a T of 130 K, whereas bond wire lift-off is the dominant mechanism when the temperature is below 130 K [36] , [37] . The thermal cycle operation of the steering system device is not uniform, and the profile is random. The cycle counting method often cannot accurately obtain statistics for the thermal cycle. The rainflow cycle counting method was developed to accurately account for the random stress variations and the thermal cycling of the material fatigue for the comprehensive range and mean affected. In this case, the transient temperature profile is simplified to as a sequence of peaks and troughs [38] .
The use of the rain flow cycle counting method to gather information about the distribution of the number of cycles can be related to the device failure rate using the reliability theory. The method uses T m and T to estimate the failure with the cycle number and assumes certain failure mechanisms. Miner's rule was developed to analyse the inconsistency of the fatigue cycles in the materials field. In one study [39] , c is the amount of linearly accumulated damage and depends on the different compositions of the temperature cycle in Equation (3) .
where the number of extracted cycles is n i,j , a function of j th , T , T m , and i th . The number of cycles to failure is (N f ) i,j . When c ≈ 1, failure occurs and depends on the number of T m and T cycles to estimate the failure in Equation (4) . In this paper, Miner's rule is applied to evaluate the damage accumulated throughout the life of the device due to thermal stress and strain on its packaging.
V. RESULTS
In this paper, the converter reliability is estimated based on the testing and simulation temperatures of the device under steering operating conditions including those of impact steering and constant impact. This estimation is obtained from the EPS thermal module in the load driving cycle. The device module and device junction temperature were obtained using software simulations and measurements of steering load cycles.
The rain flow counting method was used to obtain the converter EPS device temperature profile. The algorithm for the calculation was developed in MATLAB/Simulink. The analysis of the instantaneous steering cycle indicated a high number of cycles at low-temperature ranges, corresponding to high frequency cycling.
Miner's rule and the T value of the cycle were used to estimate the relative damage (Fig. 12) . Finally, the relative damage distribution for the total EPS was obtained via the summed accumulation. In this case, the EPS fails when C i = 3.8668 × 10 −5 after 25,681 operational cycles. The cycles are largely in the low temperature region. As noted in the temperature profile of the converter, the majority of temperature cycles incur only a small amount of damage. The cycles that occur at high temperatures are the primary source of damage due to vehicle steering cycle at high speeds or because of the repetitive instantaneous shimmy vibration.
VI. DISCUSSION
Figs. 5, 6, 7 and 8 show that the thermal resistance and the heat sink method for testing steering cycle temperature depend on the vehicle load steering cycles. Figs. 9, 10 and 11 show comparisons indicating that the thermal model can be used to simulate the EPS device junction temperature profile throughout the steering load. High-frequency cycles in the converter also induce damage.
Although the results obtained via Miner's rule is not entirely accurate, the calculation data are meaningful for application purposes and as an initial prediction of device reliability in response to transient steering cycles. The analysis indicated that failure occurs after 25,681 operational cycles based on the high switching frequency and losses. For electronic devices such as a vehicle EPS converter, the fewer switching cycles, the longer the service life.
The device reliability will be higher than anticipated owing to the insufficient accuracy of the thermal models and the method for calculating the high-frequency thermal cycles. The ambient temperature of the converter operation affects the reliability considerably. If the empirical estimation of peak device temperature increases by 10 • C, the reliability will be reduced by a factor of ten. The temperature change in the ambient temperature is smaller than the change in the device. Additionally, the number steering cycles considerably affects the reliability. The low-range power cycle is more reliable than the transient steering cycles. Finally, the reliability of the device will be improved by reducing the transient cycles and developing a control strategy to restrict the transient load.
Device reliability has been assessed, and device junction temperatures have been estimated. The device simulation method can be used online to control the PWM modulation and sequentially restrict temperature cycles. This method is equally suitable for simulating the reliability of other converters. A random transient junction temperature cycle and its interaction with the mechanism is a critical issue in determining the reliability of an EPS system. Finally, the proposed device junction temperature estimation method for transient temperature profiles is used to estimate the EPS system's reliability.
VII. CONCLUSIONS
Compact device models that consider variations in the ambient temperature were explored and used to develop a lookup table to simulate an electrothermal converter. Depending on the automobile steering profile, instantaneous power losses can be rapidly calculated using the lookup table. Using the measured EPS device temperature profile, the developed thermal module can be compared with the testing result. The device junction temperature profiles estimated in an EPS system were simulated to obtain parameters for vehicle operation. The rain flow counting thermal stress cycle method was used to explore the transient thermomechanical cycles of the converter devices. Finally, Miner's rule, which is based on the rain-flow counting method, was used to estimate the accumulated damage. Failure occurred after 25,681 operational cycles. Therefore, this method accurately predicted the EPS converter's reliability in transient load cycle conditions. 
